Road verges can provide important habitats for plants, especially in transformed landscapes. 10 However, roads and their associated traffic have several adverse impacts on ecosystems that 11 can disrupt vital ecological processes, including pollination. In transformed landscapes, road 12 effects on pollination might be complemented by impacts of large-scale habitat modification.
Introduction

31
Road verges have been highlighted as important habitats for plants, especially in transformed 32 landscapes where large expanses of natural vegetation have been converted to alternate forms 33 of land use (Arenas et al., 2017; Cale and Hobbs, 1991; Deckers et al., 2004; Leigh and typically dominated by members of the Ericaceae, Proteaceae and Restionaceae-occurs in 141 the road verges, including copious stands of E. glandulosa. Road verge width is consistent 142 throughout at ca. 12-15 m, with the first 2 m next to the road regularly mowed. The 143 landscape surrounding this stretch of road is rural, but largely transformed and fragmented. It 144 comprises smaller areas of fynbos, pastures and rangelands for dairy and cattle farming, and 145 dense stands of invasive alien trees, especially Acacia mearnsii and A. saligna, but also 146 Eucalyptus and Pinus species. The fynbos fragments along the road range in area from ca. Erica glandulosa Thunb. (Figure 1 a) is an upright, rounded shrub growing up to 1.5 m tall 153 (Oliver, 2012; Schumann et al., 1992) . Four subspecies are recognised (Oliver and Oliver, 154 2005), with the typical subspecies being the subject of this study (referred to as E. glandulosa 155 6 throughout for the sake of brevity). It occurs on well-drained, acidic sands along the coastal 156 plains and mountains of the southern and southeastern CFR from Mossel Bay to Port 157 Elizabeth, and is a common component of road verge fynbos between Humansdorp and Port 158 Elizabeth (Baker and Oliver, 1967) . Flowers are borne in dense, spike-like synflorescenses 159 (Figure 1 b) at the branch tips (Oliver and Oliver, 2005; Schumann et al., 1992) and are 160 produced year-round (Oliver, 2012) . The corolla is tubular and curved, 18−26 mm long, with 161 a pink to orange colour, or occasionally white (Baker and Oliver, 1967) . Plants encountered 162 during this study consistently featured pink flowers as is typical of populations between 163 Humansdorp and Port Elizabeth. Plants do not resprout and rely instead on reproduction from 164 seed to re-establish after disturbance (Hitchcock, 2013) . The flowers produce copious 165 amounts of nectar (B.A. Grobler pers. obs., 2016) that, together with their pink colour, attract 166 sunbirds (Hitchcock, 2013) . Pollen is deposited onto the beak of the bird as it disturbs the 167 anthers during the process of nectar extraction. 
Road impact on pollination 173
We used a technique developed by Geerts and Pauw (2011) to determine pollination rates of 174 E. glandulosa. This technique employs anther ring status (intact/ruptured) as a proxy for 175 sunbird visitation and stigma pollen receipt and is an efficient means of assessing pollination 176 rate in ornithophilous Erica species (e.g., Turner et al., 2012) . We established 10 m × 10 m All data analyses and statistical tests were implemented using R 3.6.1 (R Core Team, 2019). 206 We used generalised linear mixed models (GLMMs), applied with the 'glmer' function in the 207 'lme4' R package (Bates et al., 2015) , to analyse the response of pollination to road distance 208 and adjacent land cover. These models had a binomial error distribution with a logit link 209 function, and estimated parameters by maximum likelihood (Laplace approximation). Road , 2008) , were used to test for differences in pollination between the three distance plots and 228 between the three land-cover types. observed at only three fynbos sites (25%) and three alien thicket sites (25%). No birds were 236 seen at pasture sites. Cape honeybees (Apis mellifera subsp. capensis) also frequented 237 E. glandulosa flowers and were seen at most sites, although they were most abundant in road 238 verges next to alien thickets. Road distance had an effect on bird pollination (Table 1; GLMM likelihood-ratio test, χ 2 = 241 62.76, P < 0.001), with lower pollination rates next to the road than farther away from the 242 road ( Figure 3 ; Tukey HSD post hoc, P < 0.001). Pollination rates were marginally higher at (Figure 3 ).
246
Flower robbing rate and E. glandulosa plant density varied between plots at different 247 distances from the road (Table 2 ). However, we found no evidence of these two factors 248 affecting pollination (Table 1) . The type of land cover next to road verges impacted on bird pollination (Table 1; GLMM   251 likelihood-ratio test, χ 2 = 8.03, P = 0.02), with higher pollination rates adjacent to fynbos than 252 next to either alien thickets or pastures/rangelands (Figure 4 ; Tukey HSD post hoc, P < 0.05).
253
In comparison with those next to fynbos, road verge populations of E. glandulosa abutting 254 alien thickets exhibited an average decline of 24% in pollination rate, while average 255 pollination rate in populations adjacent to pastures/rangelands were 32% lower compared to 256 those bordering fynbos (Figure 4 ). We found no evidence of pollination rates differing 257 between road verge E. glandulosa next to alien thickets and pastures/rangelands. Flower 258 robbing rate and E. glandulosa plant density varied between plots adjacent to different land-259 cover types (Table 2) , but we could not detect an impact of these factors on pollination 260 (Table 1) . , 1980) . Although the evidence is not very strong, the results of our 291 study support this notion as pollination rates were marginally higher at 40-50 m from the 292 road compared to 20-30 m (Figure 3 ), suggesting that birds visit flowers beyond 30 m from 293 the road more often. Nevertheless, the road impact on bird pollination remains most 294 significant within 10 m of the road, after which it appears to diminish.
262
295
While we did not explicitly investigate the cause of reduced bird pollination nearer the road, ). In the Netherlands, for a road with an average traffic density of 50,000 vehicles per 311 day, this effect is estimated to reach up to 365 m from the road in woodlands, and up to 312 560 m in grasslands (Reijnen and Foppen, 2006) . In the United States, this effect on grassland 313 birds along a highway carrying more than 30,000 vehicles per day was estimated at 1,200 m 314 (Forman et al., 2002) . In comparison to these effect-distances, the 10-30 m effect distance on 315 bird pollination revealed in our study is relatively minor. Bird pollination in road verges is not only affected by road disturbance; the type of land cover 318 that occurs next to the verge also impacts on pollination (Table 1) , with plants in verges 319 neighbouring transformed land experiencing a significant reduction in pollination (Figure 4 ).
320
Since McIntyre and Hobbs (1999) proposed their conceptual model of habitat fragmentation, 321 several studies, including those investigating avian communities (Lindenmayer et al., 2003; 322 Palmer et al., 2008; Zurita and Bellocq, 2012) , have shown that a simple binary classification 323 of habitat versus non-habitat is inappropriate for interpreting the response of organisms to 324 habitat fragmentation and modification. Rather, viewing habitat modification as a continuum 325 or gradient allows for a more suitable interpretation of habitat use in transformed landscapes.
326
Based on this premise, it is improbable that modified habitats, such as the alien thickets and 327 pastures/rangelands considered in the current study, will entirely exclude birds and so act as Figure 4 ).
336
Although habitat modification did not preclude sunbird visitation in road verges, it did reduce 337 the number of flowers that were pollinated. Compared to those bordering fynbos, 338 E. glandulosa abutting alien thickets and pastures/rangelands exhibited an average decline of 339 24-32% in pollination rate. In the southwestern CFR, invasive Acacia thickets support a large 340 subset of the regional avifauna (Rogers and Chown, 2014). The bird communities in these 341 thickets have densities and species richness comparable to those found in some natural sites, (Holmes and Cowling, 1997; Le Roux, 1988; Richardson et al., 1989) . This causes a 360 reduction in food resources-in terms of both abundance and diversity-which has been 361 linked to lower abundances of specialist nectar-feeding birds (Blake and Loiselle, 2001;
362 Chalmandrier et al., 2013; Driscoll, 1977; Geerts et al., 2011; Gray et al., 2007) . It seems 363 likely then that lower abundances of nectarivorous birds in these modified habitats is the most 364 probable cause of reduced pollination of E. glandulosa in verges next to transformed land.
365
However, this hypothesis remains to be tested. 
